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Abstract
The contrast dependence of perceived depth was quantified through a series of depth matching experiments. Perceived depth
was found to be a power law function of contrast. In addition, subjects exhibited a large uncrossed depth bias indicating that low
contrast test patterns appeared much farther away than high contrast patterns of equal disparity. For disparities in the range of
94.0 arc min, matching disparities for low contrast patterns were shifted in the uncrossed direction by the same amount. In other
words, while the magnitude of the uncrossed depth bias is a power law function of contrast, it is constant with respect to disparity.
In a second series of experiments, the contrast dependence of stereo increment thresholds was measured. Like perceived depth and
stereoacuity, stereo increment thresholds were found to be a power law function of contrast. These results suggest that contrast
effects occur at or before the extraction of depth and have implications for the response properties of disparity-selective
mechanisms. © 1998 Elsevier Science Ltd. All rights reserved.
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1. Introduction
It is now generally accepted that depth information is
processed by a set of mechanisms, each tuned to a
restricted range of disparity (Richards, 1971; Poggio &
Fischer, 1977; Ferster, 1981; Poggio, Gonzalez &
Krause, 1988). In recent years, the results of a number
of studies have implied that these mechanisms are
affected by contrast. In particular, various investigators
have demonstrated that stereoacuity varies as a power
law function of contrast (Halpern & Blake, 1988; Heck-
mann & Schor, 1989; Legge & Gu, 1989; Cormack,
Stevenson & Schor, 1991) and that thresholds for the
detection of interocular correlation vary as a power law
at low contrast and asymptote to a constant at high
contrast (Cormack, Stevenson & Schor, 1991). Binocu-
lar fusion limits (diplopia thresholds), on the other
hand, are independent of contrast (Schor, Heckmann &
Tyler, 1989). In addition, reducing contrast to only one
eye impairs stereoacuity more than an equivalent con-
trast reduction to both eyes (Halpern & Blake, 1988;
Legge & Gu, 1989; Schor & Heckmann, 1989) while
having essentially no effect on fusion limits (Schor &
Heckmann, 1989).
Because stereo mechanisms are affected by both dis-
parity and contrast, the resulting confounding of these
stimulus parameters should make it possible to alter the
perceived depth of a test pattern simply by changing its
contrast. In fact, Fry, Bridgman and Ellerbrock re-
ported in 1949 that the perceived depth of a dark
rectangle in a light surround varied with contrast. Most
notably, the apparent depth of the rectangle increased
as contrast decreased. At first, Fry et al. attributed this
finding to learned cues to depth such as the effects of
aerial perspective. Training, however, had no effect on
subjects’ performance, leading them to conclude that
contrast has an intrinsic effect on the physiological
mechanisms responsible for stereoscopic depth percep-
tion. The data of Lit, Finn and Vicars (1972) concern-
ing the effect of contrast on stereoacuity also show
evidence of a bias in perceived depth at low contrast.
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More recently, Schor and Howarth (1986) examined
the effect of contrast on the perceived depth of spa-
tially-localized difference of Gaussian (DOG) patterns.
They found that for spatial frequencies greater than
approximately 1.2 cpd, perceived depth was indepen-
dent of contrast. On the other hand, the perceived
depth of low spatial frequency (B1.2 cpd) DOGs
varied with contrast, exhibiting a significant bias in the
uncrossed direction at low contrast. In other words,
they found that low contrast patterns appear to be
much farther away than high contrast patterns of equal
disparity, in agreement with the earlier findings of Fry
et al. (1949). Schor and Howarth, however, did not
specify a mathematical function relating perceived
depth and contrast for low spatial frequencies.
As mentioned above, the effects of contrast on the
horopter (stereoacuity and diplopia thresholds) are
well-established. The contrast-dependence of stereosen-
sitivity off the horopter (stereo increment thresholds),
however, has not been examined. The present study was
therefore undertaken to quantify the contrast depen-
dence of both stereo increment thresholds and per-
ceived depth, thereby furthering our understanding of
how contrast affects the mechanisms responsible for
processing stereoscopic depth.
2. Methods
All stereoscopic stimuli used in the experiments were
generated by an Apple Macintosh II computer and
displayed on a pair of matched monochrome monitors
with 8 bits per pixel resolution. Left and right eye
images were presented on separate monitors (controlled
by a single computer) and viewed through a mirror
stereoscope. Subjects were seated 1.57 m away from the
monitors with their heads positioned in a chin and
forehead rest. At this viewing distance, the monitor
screens subtended 5.85° (height) by 7.80° (width), with
each pixel subtending 43.9 arc sec. Disparities smaller
than the width of one pixel, however, could be obtained
by calculating stimulus patterns shifted by fractions of
a pixel. The monitors had previously been calibrated to
achieve a linear gray scale centered on a mean lumi-
nance of 74 cd:m2. The mirror stereoscope transmitted
approximately 70% of the light from the monitors,
resulting in a mean luminance of 49.5 cd:m2 as seen by
the subject.
In all experiments (except where noted), stimuli con-
sisted of vertical bars whose vertical luminance profiles
were described by a Gaussian and whose horizontal
luminance profiles were described by the sixth spatial
derivative of a Gaussian (D6). D6 patterns were chosen
for this study because they are well localized in both
space and spatial frequency, having full bandwidths in
spatial frequency of 1.0 octave at half-amplitude. This
characteristic is desirable as it tends to minimize the
effects of the spatial inhomogeneity of the visual system
and restricts stimulation to a narrow range of spatial
frequency-tuned mechanisms (Wilson, McFarlane &
Philips, 1983). Further details concerning properties of
these functions may be found elsewhere (Swanson,
Wilson & Giese, 1984).
Two general types of experiments were performed: (a)
determination of perceived depth and (b) determination
of stereo increment thresholds. For the perceived depth
experiments, the stimulus comprised two D6s; one on
either side of the fixation point, at eccentricities of
90.67° (Fig. 1a). The test pattern was presented to the
left of fixation and a 50% contrast comparison pattern
Fig. 1. Illustration of depth relationships among elements of the
stereograms used in the experiments. (a) Perceived depth (depth
matching) stereogram. The test pattern, at a fixed contrast in the
range of 10–100%, was presented to the left of fixation and a 50%
contrast comparison pattern was presented to the right. The two
patterns were placed symmetrically about the fixation point at eccen-
tricities of 90.67°. The disparity of the test pattern was fixed in the
range of 94.0 arc min while the disparity of the comparison pattern
changed from trial to trial (arrows). (b) Increment threshold
stereogram. The 50% contrast comparison pattern was presented at
fixation in the fronto-parallel plane and the test pattern, whose
contrast was fixed in the range of 10–100%, was presented 1.33° in
the periphery. The disparity of the test pattern was varied around a
base disparity of 4.0 arc min crossed on successive trials (arrow).
A.M. Rohaly, H.R. Wilson : Vision Research 39 (1999) 9–18 11
was presented to the right. The contrast of the test was
fixed at a value between 10 and 100%, where contrast
was defined as the difference between the peak and
mean luminances divided by the mean luminance. (For
cosine gratings, this definition of contrast is equivalent
to the Michelson contrast.) In addition, the disparity of
the test pattern was fixed at a value in the range of
94.0 arc min while the disparity of the comparison
pattern changed from trial to trial.
Perceived depth of the test pattern was measured
with a two-alternative forced-choice procedure. When
the subject was maintaining fixation on the dot (2 arc
min square) in the center of the display, she initiated a
trial with a button press. The stimulus was then pre-
sented for 500 ms and the subject indicated her re-
sponse with another button press. In each experimental
run, all stimuli had exclusively crossed or exclusively
uncrossed disparity (with respect to the fronto-parallel
plane). In crossed experiments, the subject’s task in
each trial was to indicate which pattern, left or right,
appeared nearer; in uncrossed experiments, the subject
indicated which pattern appeared farther. Four differ-
ent comparison disparities were presented with 40 repe-
titions of each, in random order. The disparities used
were selected on the basis of pilot experiments. The
resulting data, in the form of percent nearer (farther)
versus disparity, were fit with a Quick (1974), or
Weibull (1951) function using a maximum likelihood
estimation technique. The 50% nearer (farther) point on
the fitted function was taken as the perceived depth
(matching disparity) of the test pattern for that particu-
lar run. The data presented here represent means of 2
to 3 depth matches determined on separate days.
For the stereo increment threshold experiments, each
stereogram also comprised two D6 patterns. A 50%
contrast pattern was presented at the fixation point
with zero disparity while a test pattern was presented
1.33° peripherally (Fig. 1b). Again, the contrast of the
test was fixed at a value between 10 and 100%. Incre-
ment thresholds were measured using the method of
constant stimuli. Once again, the subject initiated each
trial with a button press. Two 500 ms stimulus intervals
followed, separated by a 500 ms blank at the mean
luminance of the stimuli. In one of the stimulus inter-
vals, the test pattern was presented at the base disparity
of 4.0 arc min crossed. In the other interval, the dispar-
ity of the test was equal to the base disparity plus a
disparity increment. After each trial the subject indi-
cated which interval contained the disparity increment
with another button press.
In each experimental run, four different disparity
increments were presented with 40 repetitions of each,
in random order. As before, the increments were se-
lected on the basis of pilot experiments. The resulting
data, in the form of percent correct versus increment
size, were fit as described above. The 75% correct point
on the fitted function was taken as threshold for that
particular run. Once again, the data presented below
represent the means of 2 to 3 thresholds collected over
the course of the study.
The two authors served as observers in this study.
Both have good stereopsis and wore their normal cor-
rective lenses during the experiments.
3. Results
3.1. Percei6ed depth
Fig. 2 shows the perceived depth (matching disparity)
of test patterns as a function of contrast for intermedi-
ate (top panel) and high (bottom panel) spatial fre-
quency D6s. As can be seen, all of the data sets can be
described by straight lines in double-logarithmic coordi-
nates, indicating a power law dependence of perceived
depth on contrast.1 The slopes of the fitted lines, which
represent the exponent of the power function, range in
magnitude from 0.174 to 0.581, with no consistent
differences between either crossed and uncrossed slopes
or intermediate and high spatial frequency slopes. t-
tests performed on the data indicate that these slopes
(and hence, the correlation coefficients of the regression
lines) are all significantly different from zero (pB0.05).
The most striking aspect of the data presented in Fig.
2, however, is the pronounced depth bias at low con-
trast. In the figure, the true disparity of the test pattern
is indicated by the dashed line. At 10% contrast (left-
most data points), uncrossed test stimuli are matched to
larger disparities than the test disparity (open symbols)
while crossed stimuli are matched to smaller disparities
(filled symbols). Although the biases for crossed and
uncrossed stimuli appear to be in opposite directions in
the figure, they both indicate that the test stimulus
appeared to be farther away at low contrast. In other
words, at low contrast, the uncrossed tests appeared to
have more depth than the 50% contrast comparison
and the crossed tests appeared to have less depth than
the comparison. This is the uncrossed depth bias previ-
ously reported by Fry et al. (1949) and Schor and
Howarth (1986).
Because our stimulus configuration did not include
nonius lines, it is possible that the measured depth bias
was due to fixation disparities introduced by vergence
eye movements. To rule out this possibility, the 10%
contrast measurements were repeated using a stimulus
1 The curious reader may note that for both intermediate and high
spatial frequencies, subject AMR does not accurately match the
perceived depths of the test and comparison patterns when they are of
equal contrast (50%). AMR’s stereo increment thresholds for both
frequencies, however, are approximately 135 arc sec (Fig. 6) and the
data of Fig. 2 fall within that range.
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Fig. 2. Perceived depth (matching disparity) as a function of contrast.
Crossed matches are shown with filled symbols and uncrossed
matches with open symbols. In this and all subsequent figures, error
bars represent 91.0 SEM and are shown when they exceed the size
of the symbol. The true disparity of the test pattern is given by the
dashed line. Each of the data sets can be described by a straight line
in double-logarithmic coordinates, indicating a power law dependence
of perceived depth on contrast. In two instances, the regression lines
were fit to the combined data of both observers: intermediate spatial
frequencies, crossed (filled symbols, top panel) and high spatial
frequencies, uncrossed (open symbols, bottom panel). The data points
at 10% contrast reflect a pronounced uncrossed depth bias. Un-
crossed test stimuli were matched to larger disparities than the test
disparity while crossed stimuli were matched to smaller disparities,
demonstrating that low contrast patterns appear farther away than
they really are.
for both crossed and uncrossed test disparities were
essentially unchanged, demonstrating that fixation dis-
parities did not contribute to the measured depth bias
at low contrasts.
Another possible cause of the uncrossed bias is the
fact that at low contrasts, the test pattern appeared to
be shorter than the comparison pattern. Thus, the bias
may have resulted from the subjects inferring distance
from size. Two control experiments were performed to
examine this hypothesis. First, the test and comparison
patterns were both given rectangular luminance profiles
in the vertical direction in place of the Gaussian profiles
used to obtain the data of Fig. 2. With the rectangular
profile, the perceived lengths of the test and comparison
were equal. Plotted in Fig. 3a is the magnitude of the
uncrossed bias (i.e. the absolute value of the difference
between the matching disparity and the test disparity)
for both types of vertical profile. These data were
obtained with 10% contrast test patterns at 8 cpd for
AMR and at 12 cpd for HRW. The data for the
Gaussian profile, shown on the left, are the 10% con-
trast data of Fig. 2. It can be seen that while the
magnitude of the bias is somewhat smaller for the
rectangular profile (74.3499.57 arc sec vs 133.629
10.37 arc sec for the Gaussian profile), a substantial
bias remains.
As a further check, a second control experiment was
performed in which the test and comparison patterns
both had Gaussian vertical profiles but differed in
spatial frequency. In particular, the spatial frequency of
the comparison was twice the frequency of the test.2
This manipulation served to make the comparison pat-
tern appear smaller than the test in both height and
width. The results of this experiment, for one subject,
are shown in Fig. 3b. HRW matched the depth of a 3
cpd test pattern at contrasts of 10–50% to that of a 6
cpd comparison pattern at 50% contrast (squares). Also
plotted are the data from Fig. 2 in which matches were
made to a 3 cpd comparison (circles). As can be seen,
the data from the two experiments are very similar. The
regression lines shown were fit to the 6 cpd comparison
data only. The slopes, however, are close to those for
the 3 cpd comparison data, given in Fig. 2. Similar
results were obtained for the other subject with test and
comparison spatial frequencies of 2 and 4 cpd, respec-
tively. Thus, the results of both control experiments
(Fig. 3a and b) demonstrate that the perceived size of
the test pattern at low contrasts is only responsible for
a small portion of the uncrossed depth bias.
The data of Fig. 2 and Fig. 3 were all obtained at test
disparities of 94.0 arc min. To investigate whether the
2 Although spatial frequency differences in and of themselves can
induce differences in apparent depth, this effect only occurs for
frequencies differing by 2.0 octaves or more (Frisby & Mayhew, 1978;
Brown & Weisstein, 1988).
duration of 167 ms (as opposed to the 500 ms duration
used to obtain the data of Fig. 2). Matching disparities
A.M. Rohaly, H.R. Wilson : Vision Research 39 (1999) 9–18 13
Fig. 3. Results of experiments intended to control for differences in perceived size between low contrast test and 50% contrast comparison
patterns. (a) Magnitude of the uncrossed bias (i.e. the absolute value of the difference between the matching disparity and the test disparity) for
10% contrast test patterns with two types of vertical luminance profile. These data were obtained with test patterns of 8 cd for AMR and 12 cd
for HRW. The data for the Gaussian profile, shown on the left, were obtained from the data of Fig. 2. While the magnitude of the bias is
somewhat smaller for the rectangular profile, a substantial bias remains. (b) Perceived depth (matching disparity) of a 3 cd test pattern for matches
made with a 3 cd comparison pattern (circles) and with a 6 cd comparison (squares). The data for the 3 cd standard are replotted from Fig. 2.
The regression lines shown were fit to the 6 cd data only. The slopes are similar to those obtained for the 3 cd standard (Fig. 2, top panel).
magnitude of the uncrossed bias varies with test dispar-
ity, perceived depth was also measured for 10% contrast
test patterns at disparities of 0 and 2.0 arc min. Matching
disparity is plotted as a function of test disparity in Fig.
4 for both intermediate (top panel) and high (bottom
panel) spatial frequency test stimuli. In this figure,
negative numbers on both axes represent uncrossed
disparities and positive numbers, crossed disparities. If
the subjects had made veridical matches to the disparity
of the test, all of the data would cluster around the
dashed line. Instead, the data cluster around another line
(solid) which falls below the veridical match line, indicat-
ing that the test pattern always appeared farther away.
The two lines (dashed and solid) are approximately
parallel and are offset by a constant averaging 102 arc
sec. t-tests performed on the data show that the slopes
of the fitted lines (omitting the 2 cpd, 240 arc sec data
point of AMR) are not significantly different from 1.00
(top panel, t1.17, p\0.1; bottom panel, t0.658,
p\0.1), indicating that the magnitude of the uncrossed
depth bias is constant with respect to test disparity.
To this point, the contrasts were the same in the two
eyes. Therefore, we wondered how contrast is combined
interocularly. In order to determine the rule for binocular
contrast combination, the uncrossed depth bias was also
measured for test patterns in which different contrasts
were presented to the left and right eyes. The binocular
contrast ratio ranged from 1.0 to 5.0 while the mean
interocular contrast was held constant at 30%. Fig. 5
shows matching disparities as a function of binocular
contrast ratio. For both crossed and uncrossed test
disparities, perceived depth is approximately constant, in
agreement with the recent results of Mansfield and Legge
(1996). Similar results were also obtained for a mean
interocular contrast of 20%.
3.2. Stereo increment thresholds
Stereo increment thresholds relative to a 4.0 arc min
crossed base disparity are plotted in Fig. 6 as a function
of contrast. Once again, as with stereoacuity and per-
ceived depth (Fig. 2), the data can be described by
straight lines in double-logarithmic coordinates, indicat-
ing a power law dependence on contrast. The slopes of
the lines, which represent the exponent of the power
function, range in magnitude from 0.146 to 0.420 similar
to those found for perceived depth (Fig. 2), with no
consistent differences between intermediate and high
spatial frequency slopes. t-tests performed on the data
indicate that these slopes (and hence, the correlation
coefficients of the regression lines) are significantly differ-
ent from zero (pB0.01).
4. Discussion
The present study was undertaken to quantify the
contrast dependence of both stereo increment
thresholds and perceived depth. We have found that
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perceived depth varies as a power law function of
contrast with a pronounced uncrossed depth bias at low
contrast. This bias has previously been reported by Fry
et al. (1949) and by Schor and Howarth (1986). Evi-
dence of the bias can also be seen in the low contrast
stereoacuity data of Lit et al. (1972). While Schor and
Howarth (1986) reported an effect of contrast on per-
ceived depth only for low spatial frequencies (below
approximately 1.2 cpd), we have found an effect at
similar disparities for both intermediate and high spa-
tial frequencies (Fig. 2).
There are a number of procedural differences be-
tween the study of Schor and Howarth (1986) and the
present study that may account for this discrepancy.
For example, Schor and Howarth used difference of
Gaussian (DOG) test stimuli which have a wider band-
width than our D6 stimuli and their comparison stimu-
lus was a thin black line. The fact that their test and
comparison stimuli differed in spatial frequency content
while ours were identical may have contributed to the
difference in results. A number of studies have docu-
mented differences in the apparent depths of low and
high spatial frequency stimuli irrespective of (and some-
times contrary to) their relative disparities (Frisby &
Mayhew, 1978; Schor & Wood, 1983; Klymenko &
Weisstein, 1986; Brown & Weisstein, 1988). To test this
possibility, a control experiment was conducted in
which the test pattern was a 10% contrast, 12 cpd D6
with a disparity of 4.0 arc min uncrossed and the
comparison pattern was a thin black line, 1.46 arc min
wide, similar to that used by Schor and Howarth. The
matching disparity for this stimulus was approximately
the same as that measured previously with a 50%
contrast, 12 cpd D6 comparison pattern (393 vs 364 arc
sec, respectively), thus discounting this explanation.
In addition, Schor and Howarth employed the
method of adjustment to obtain their data. It is possible
that their methodology did not permit the detection of
the relatively small depth biases reported here for inter-
mediate and high spatial frequencies. They found large
biases, on the order of 5–30 arc min, however, for
spatial frequencies lower than those tested in the
present study. In another attempt to reconcile the two
sets of data, we measured the perceived depth of a 10%
contrast, 1 cpd D6 (the lowest spatial frequency possi-
ble under our conditions). The depth bias for this test
pattern was approximately 7 arc min: substantially
larger than the biases found for higher spatial frequen-
cies (on the order of 2 arc min, Fig. 3a) and in the same
range as those reported by Schor and Howarth. There-
fore, methodological differences may account for the
apparent discrepancy between the two studies.
The existence of the uncrossed depth bias is not an
artifact due to poor localization of the test stimulus at
low contrasts as the lowest contrast used, 10%, is
approximately seven times the detection threshold for
Fig. 4. Perceived depth (matching disparity) of 10% contrast test
patterns as a function of disparity. Negative numbers on both axes
represent uncrossed disparities and positive numbers, crossed dispari-
ties. If the subjects had made veridical matches to the disparity of the
test, all of the data would cluster around the dashed line. Instead, the
data consistently fall below the veridical match line, illustrating the
uncrossed depth bias at low contrast. The data are well-fit by straight
lines (solid) with slopes not significantly different from 1.0 and offset
from the veridical match line (dashed) by a constant of approximately
100 arc sec. The regression lines shown (solid) were fit to the
combined data of both observers. To obtain the line in the upper
panel, however, the 240 arc s data point of AMR (circle, lower
left) was omitted. If this point is included in the data set, the
regression line becomes y1.26 103.2 (r0.967) The slope of
this line is significantly different from 1.0 at the 0.05 level (t2.24).
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Fig. 5. Perceived depth (matching disparity) as a function of binocu-
lar contrast ratio. Test patterns of different contrasts were presented
to each eye while the mean interocular contrast was held constant at
30%. Matching disparity is approximately constant over the range of
contrast ratios tested (1.0 to 5.0).
matched the perceived depth of a 3 cpd monocular test
at 10% contrast to a 50% contrast binocular comparison
pattern.3 For subject AMR, perceived depth was 2.7
times greater with binocular viewing and for subject
HRW, perceived depth was 1.2 times greater, in agree-
ment with the results of Schor and Howarth. As pointed
Fig. 6. Stereo increment thresholds as a function of contrast. Base
disparity was 4.0 arc min in the crossed direction. Like stereoacuity
and perceived depth (Fig. 2), the data fall along straight lines in
double-logarithmic coordinates, indicating a power law relationship.
these patterns. The data of Halpern and Blake (1988)
demonstrate that contrasts in this range do not elevate
stereoacuity substantially. In addition, the data presented
in Fig. 3 demonstrate that the bias is not mainly due to
subjects inferring distance from size. A similar conclusion
was reached in a recent study by O’Shea, Blackburn and
Ono (1994) who investigated contrast as a pictorial
(non-stereoscopic) cue to depth. For zero disparity
stimuli, they found that size cues signalling nearness did
not override the effects of contrast; low contrast stimuli
still appeared farther away.
While the magnitude of the uncrossed bias is a power
law function of contrast, the data of Fig. 4 demonstrate
that it is constant with respect to disparity. The data
points at a test disparity of zero show that even when a
low contrast stimulus is physically on the horopter, it
appears to lie behind the plane of fixation. Schor and
Howarth (1986) and O’Shea et al. (1994) have also
reported a significant uncrossed bias for zero disparity
stimuli.
The existence of an uncrossed bias for zero disparity
stimuli forces one to consider whether the effects of
contrast on perceived depth are actually binocular in
origin. Recently, O’Shea et al. (1994) investigated con-
trast as a pictorial (non-stereoscopic) cue to depth. They
had subjects estimate the depth (in cm) of light squares
presented on dark backgrounds with both monocular
and binocular viewing. Their subjects reported less depth,
by a factor of approximately 0.7, with binocular viewing
than with monocular viewing. Schor and Howarth
(1986), however, found that perceived depth was one and
a half times greater with binocular viewing. We also
performed a control experiment in which subjects
3 The stimulus configuration was as depicted in Fig. 1a except that
the test pattern was presented to one eye only. The contralateral eye
was presented with the gray background in place of the test pattern.
The comparison pattern, on the other hand, was presented to both
eyes as in the previous experiments.
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out by O’Shea et al., the discrepancy between the
results of these studies may lie in the nature of the
experiments themselves; O’Shea et al.’s task concen-
trated on monocular cues to depth while the tasks
employed in the other two studies concentrated on
stereoscopic cues to depth. Regardless, the results of all
three studies point to both monocular and binocular
components to the effect of contrast on perceived
depth. Halpern and Blake (1988) also concluded that
contrast affects stereoacuity by acting through both
monocular and binocular sites.
The data of Fig. 5, illustrating the effects of interocu-
lar differences in contrast, also provide evidence that
the effect of contrast on perceived depth is mainly
binocular in origin. The fact that perceived depth is
approximately constant over a range of binocular con-
trast ratios while mean interocular contrast is constant,
demonstrates that left and right eye contrasts are com-
bined in an additive fashion to determine perceived
depth. This result contradicts stereo models that em-
ploy interocular multiplicative cross-correlation.
Mansfield and Legge (1996) have also recently reported
that perceived depth is approximately constant over a
similar range of binocular contrast ratios. These psy-
chophysical findings are in agreement with neurophysi-
ological studies demonstrating that the responses of
simple and complex cells in cat striate cortex are con-
stant over a 1.0 log unit range of binocular contrast
ratios (Freeman & Ohzawa, 1990).
The effects of interocular differences in contrast have
also been studied for both stereoacuity and binocular
fusion limits (diplopia thresholds). Halpern and Blake
(1988), Legge and Gu (1989) and Schor and Heckmann
(1989) all found that stereoacuity is impaired more by
monocular decreases in contrast than for binocular
decreases of the same magnitude. Although none of
these studies controlled for mean interocular contrast,
examination of the data implies that this finding still
holds for stimuli equated for mean interocular contrast.
Schor and Heckmann (1989), however, also reported
that interocular contrast differences do not affect
binocular fusion limits. They suggested that diplopia
thresholds and perceived depth are unaffected by vary-
ing the binocular contrast ratio because both are
suprathreshold phenomena. Thus, the effects of binocu-
lar contrast suppression will be minimal. Suppression
will have a noticeable effect on stereoacuity, however,
as this is a threshold measure.
We have also found that like stereoacuity and per-
ceived depth, stereo increment thresholds vary as a
power law function of contrast (Fig. 6). While a control
experiment was conducted to rule out the effects of
vergence eye movements, it is still possible that some
amount of fixation disparity affected the results due to
the lack of nonius lines in our stimuli. As a result, the
presence of such a constant fixation error may have had
a small effect on the measured increment thresholds by
altering the base disparity. However, Richards and
Foley (1974) also found that, for small base disparities,
depth discrimination deteriorates as contrast decreases.
At first glance, the fact that stereo increment
thresholds get markedly worse as contrast decreases
does not seem surprising considering that increment
thresholds increase exponentially as stimuli move away
from the horopter (Ogle, 1953; Blakemore, 1970;
Schumer & Julesz, 1984; Badcock & Schor, 1985; Mc-
Kee, Levi & Bowne, 1990; Rohaly & Wilson, 1993) and
there is a pronounced uncrossed bias in perceived depth
at low contrast. The data of Fig. 6, however, were
obtained with crossed base disparities. Therefore, the
effect of the uncrossed bias is to cause these low
contrast stimuli to appear closer to the horopter (see
10% contrast, crossed data points in Fig. 2). As a result,
one might have expected stereo increment thresholds to
improve as contrast decreases. It is obvious from Fig. 6,
however, that they do not improve, rather, they get
markedly worse. The finding that depth discrimination
deteriorates significantly despite the fact that the test
stimulus is perceived to lie close to the horopter implies
that the effects of contrast come into play either at or
before the level at which the depth of the stimulus is
extracted.
To clarify this point, the interplay between stereo
increment thresholds and perceived depth is illustrated
in Fig. 7. Stereo increment threshold data from Fig. 6
have been replotted in the top panel of Fig. 7 in terms
of the perceived depth of the test pattern. The perceived
depth corresponding to each level of test contrast was
obtained from the data of Fig. 2. It is apparent that
increment thresholds are higher for stimuli that are
perceived to lie closer to the horopter (i.e. smaller
perceived depth). For comparison, stereo increment
thresholds for 50% contrast patterns are plotted as a
function of base disparity in the bottom panel (Rohaly
& Wilson, 1993). In this case, stereo increment
thresholds decrease as test stimuli are moved closer to
the horopter. Thus, the data in the top panel demon-
strate that despite the fact that at low contrasts the
perceived depth of test stimuli is closer to the horopter,
stereo increment thresholds rise significantly. This result
argues that contrast exerts its effects at or before the
extraction of depth. In their study of stereoacuity and
contrast, Heckmann and Schor (1989) also concluded
that the effects of contrast occur just before the extrac-
tion of depth.
One possible explanation for the results presented
above is the depth fusion scheme of Maloney and
Landy (1989). They proposed that depth estimates ob-
tained from a variety of depth cues such as retinal
disparity, motion parallax, texture gradient and linear
perspective are combined linearly to obtain a single
depth estimate at each point in the visual field. In fact,
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Fig. 7. Stereo increment thresholds as a function of perceived depth
(top panel) and base disparity (bottom panel). The data shown in the
top panel have been replotted from Fig. 6. The perceived depth
corresponding to each level of test contrast was obtained from the
data of Fig. 2. In the bottom panel, stereo increment thresholds for
50% contrast patterns are plotted as a function of base disparity.
These data were obtained in a previous study (Rohaly & Wilson,
1993) with the same stimulus configuration used in the present study
(Fig. 1b) and demonstrate that stereo increment thresholds decrease
as base disparity decreases. The data in the top panel, however,
indicate that although at low contrasts the perceived depth of test
stimuli is closer to the horopter than at high contrasts, stereo
increment thresholds rise significantly.
rule for binocular contrast combination (Fig. 5).
Another explanation is based on what we know
about the physiology of stereo mechanisms. Many the-
ories of stereo vision have assumed that depth informa-
tion is processed by a large number of neurons each
narrowly tuned to a restricted range of disparity. Per-
ceived depth is then determined by the disparity of the
most active unit (e.g. Marr & Poggio, 1976). Alterna-
tively, by analogy to color vision, disparity could be
encoded by the population response of a small number
of broadly tuned disparity mechanisms (Richards, 1971;
Poggio & Fischer, 1977; Poggio et al., 1988). Our data
showing that perceived depth is dependent on stimulus
contrast argue against the existence of multiple, nar-
rowly tuned disparity units because contrast variations
cannot systematically alter the identity of the most
strongly activated unit.
A population encoding scheme, however, can readily
incorporate the effects of stimulus contrast. Tradition-
ally, the near and far disparity pools are thought to
operate in a similar fashion, namely weak responses are
interpreted as signalling small disparities (Richards,
1971; Poggio & Fischer, 1977; Ferster, 1981; Poggio et
al., 1988). The fact that the bias in perceived depth at
low contrast is in the same direction for both crossed
and uncrossed disparities, however, implies that weak
responses of near and far mechanisms are not inter-
preted as signalling the same disparities. Schor and
Howarth (1986) also postulated a mismatch in the
outputs of near and far disparity mechanisms for low
contrast stimuli. The confounding of disparity and con-
trast parameters within these mechanisms argues that
for both near and far pools, weaker signals must be
interpreted as indicating ‘farther away.’ The verification
of the existence of disparity-sensitive mechanisms with
this type of contrast dependence awaits the results of
further neurophysiological and psychophysical studies.
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